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Unprecedented warming of the Arctic is resulting in a cascade of events to push lake 39 biogeochemistry beyond its Holocene limits (1). Surface air temperatures across the Arctic 40 increased, on average, by 1.5°C during c. , decreased slightly during c. 41 and since then are increasing again, but at an accelerated rate (2, 3). From c. 1980 to the present, 42 weather stations in the Canadian Arctic archipelago and Svalbard (Norway), for example, have 43 commonly recorded upwards of 2°C increases in annual mean temperature (4, 5). The effect on 44 lake physics thus far has been to delay the formation of ice cover and to accelerate its breakup 45 (6). Quantitative records are rare, but a recent analysis of satellite images of "perennially ice-46 capped lakes" on northern Ellesmere Island, for example, revealed that the lakes now lose a 47 substantial portion (sometimes 100%) of ice cover during summer (7). Ice cover limits the 48 sunlight available to photosynthetic autotrophs underneath in the unfrozen water, and 49 lengthening of the ice-free season has, in effect, resulted in a longer growing season (8). Algae 50 have responded with dramatic increases in abundance and diversity (9), which, in turn, is 51 resulting in a greater flux of algal detritus to sediments. The latter is evidenced by pigment 52 records (10, 11), Rock Eval pyrolysis of bulk organic matter (12), and up-core increases in both 53 the accumulation of organic carbon (beyond what is expected from progressive diagenetic 54 consumption of a constant supply of organic carbon) and the ratio of 13 C to 12 C (13). 55
Our objective was to determine if this cascade extends to sedimentary sulfur cycling. 56
Sulfur is a major nutrient for all organisms and also plays an important role in the cycling of 57 other nutrients, trace metals, and radioisotopes, largely via dissimilatory sulfate reduction and the 58 sulfide that is produced (14). Sediments of ultraoligotrophic Arctic lakes have been compared 59 (15) to deep-sea sediments, where low rates of organic carbon flux limit sulfate reduction (16). 60 8 sediments, and the sulfide produced is either reoxidized to sulfate and lost to the water column or 153 is bound to Fe or organic matter and retained in the sediment. Accordingly, Fe and organic 154 matter (organic C, organic N, or LOI) were generally good predictors, in the within-lake 155 regression models, of total reduced inorganic sulfur. Manganese was also a good predictor in the 156 models, likely because, as for sulfur (and N and Fe) , it is involved in the mineralization of 157 organic carbon. 158
Sulfate deposition, from ice core records, was a suitable predictor of total reduced 159 inorganic sulfur in only Char Lake, and this correlation may be a function of local disturbance 160 that coincided with peaks in the ice core record. In 1949, an air base was built near Char Lake 161 that may have caused local atmospheric pollution (32). Also, during 1969-1972 gravel was taken 162 from the lake's watershed to construct a new airstrip and this action caused a "great increase" in 163 sulfate concentration in one inflow stream (33) , although the effect was temporary (26). 164
Tendammen in Svalbard may also be affected by local pollution, as this lake is located near a 165 coal-fired power plant and coal mining operations. Modern accumulation of reduced inorganic 166 sulfur in the sediments of Tendammen is an order of magnitude greater than the other Svalbard 167 lakes. In the other study lakes, however, local disturbance is slight or nonexistent, and geology 168 (sedimentary rock) and proximity to the ocean (i.e., exposure to marine aerosols) indicate that 169 natural sources of sulfate should dominate input (34), even with the human-caused circum-arctic 170 increase in sulfate deposition during the past century (24). It thus seems unlikely that the surface 171 enrichment of sulfur as observed in these sediments results from increased anthropogenic sulfur 172 sources, as is true of lakes nearer industrial centers and underlain by crystalline bedrock (35, 36).
but rather mediated through a warming-induced biogeochemical cascade. In the within-lakereduced inorganic sulfur. Further, temperature was the only significant covariate in the among-178 lakes random-effects ANOVA modeling (Canada: r 2 = 0.74, p = 0.011; Svalbard: r 2 = 0.68, p = 179 0.032). Rates of sulfate reduction do increase with temperature as an Arrhenius function (e.g., 180 37), but there is no data to suggest that temperatures in profundal sediments of these lakes have 181 followed trends in air temperature. Instead, there is overwhelming evidence from the study lakes 182 that warming-induced lengthening of the ice-free season is resulting in increases in algal 183 production (17, 26, 27, 38) . In the Svalbard lakes, there is additional evidence that the increases 184 in algal production are causing greater fluxes of organic matter to sediments (23). A link to 185 organic matter flux is also being made for the study lakes in the Canadian Arctic. found increasing S2 in all three lakes, along with shifts in the algal community. Also, we found 194 modest up-core increases in  13 C in sediments from Amituk Lake (-27.2‰ to -26.5‰) and Char 195 Lake (-25.8‰ to -24.7‰) (see supporting information, Figure S2 peaks that could be due to local pollution. BI-02 and Yterjørna have no discernable trends. For 214 all of these lakes, however, subsurface peaks could be associated with redox gradients. Sulfur, 215 depending upon speciation, is subject to steep diffusion gradients and biological and chemical 216 redox reactions. Consequently, sulfur profiles in sediments can reflect both historical records 217 and contemporary processes. The latter can prevent interpretation of the former (36), which may 218 be the case for the pre-1980 sediments in our study lakes. The recent (post-1980) record of 219 increased accumulation rates may be evident because, as we hypothesize, it is process driven.
Results from our incubation experiments provide clear evidence that increased supply of 221 labile carbon to Arctic lake sediments can result in increased storage of reduced sulfur ( Figure  222 2). There were statistically significant differences in AVS among treatments in the incubations 223 from both Amituk Lake (F 7,14 = 26.4, p < 0.001) and Char Lake (F 7,16 = 75.2, p < 0.001). The 224 control treatments had AVS concentrations greater than initial test conditions (time-zero). 225
Conversely, all treatments involving molybdate, a metabolic inhibitor of sulfate-reducing 226 bacteria, had AVS concentrations equivalent to that of time-zero. Collectively, the results from 227 the control and molybdate treatments indicate that AVS formation is a normal process in these 228 sediments and is due to the activities of sulfate-reducing bacteria. The sulfate treatments and the 229 acetate (labile carbon) treatments had AVS concentrations greater than controls, although this 230 was only significant in the sediment from Char Lake. (A missing replicate in the control for 231
Amituk Lake caused the control to not be statistically different from several of the other 232 treatments.) Sulfate and acetate in combination resulted in even greater AVS concentrations in 233 Amituk Lake. We do not completely understand the responses to sulfate, acetate, and the two in 234 combination (i.e., how is it that sulfate alone and acetate alone caused the same relative increase 235 in AVS?). However, it is clear that both sulfate (electron acceptor) and acetate (electron donor) 236 limit sulfate reduction in the sediments of these lakes. Logic dictates, though, that if sulfate 237 concentrations in the lakes are not changing (26) but organic carbon flux to sediments is 238 increasing, it is more likely that organic carbon is driving the increases in accumulation rates of 239 total reduced inorganic sulfur observed in the sediment archives. 240
In the cores from Amituk Lake and Char Lake that were processed to preserve redox 241 chemistry, examination of the sulfur forms that comprise total reduced inorganic sulfur (AVS, 242 S 0 , pyrite) indicates that AVS is likely oxidized to S 0 , which is then stored in sediment ( Figure  243 surficial sediments (44). Oxygen both inhibits sulfate reduction and oxidizes reduced sulfur. 246
These cores were collected in the winter season through thick ice cover -a time when, because 247 of limited algal production and sedimentation of organic matter, there is little oxygen demand in 248 the sediments and thus oxygen penetrates relatively deeply. Gobeil et al. An alternate hypothesis to explain the presence of S 0 in the sediment cores is that it is an 272 artifact of sample processing. Acid volatile sulfide is oxygen sensitive and, even with our 273 attempts to preserve redox chemistry (sampling ports, zinc acetate), it could have been oxidized 274 to S 0 upon freeze-drying or treatment with HCl. We cannot reject this hypothesis, but regardless, 275 it does not change our finding that the accumulation of reduced inorganic sulfur is increasing in 276 sediments of High Arctic lakes, possibly due to an increasing sedimentary flux of organic carbon 277 that is stimulating sulfate reduction. The sulfide produced is being stored as AVS and/or S 0 . 278 Similar to the trends in total reduced inorganic sulfur, the profiles of organic sulfur show 279 an increase at the top of the cores (see supporting information, Figure S3 ). In both Amituk Lake 280 and Char Lake, HyS and nonCRS (forms of organic sulfur; defined in experimental section) 281 similarly show subtle increases up core and then a big jump in concentration at the sediment 282 surface (0-2 cm). With HyS and nonCRS added together to calculate total organic sulfur, the 283 atomic C org /S org ratios are relatively constant throughout the profiles for each lake and average 284 193 for Amituk Lake and 103 for Char Lake. These high C org /S org ratios strongly suggest that the 285 source of organic sulfur is sedimenting algae, which have C org /S org ratios > 84 (52), and not from 286 the diagenetic addition of reduced sulfur to organic matter. The profiles of HyS and nonCRS 287 thus reflect the loss of sulfur from the decomposition of algae. (55). The key to increased sulfur accumulation in the sediments of Lake El'gygytgyn is the 299 development of a stratified water column and, subsequently, the depletion of oxygen in the 300 bottom water. Our study lakes remain holomictic and fully oxygenated, but results from lakes 301 further south that receive intensive monitoring efforts (Lake Saanajärvi, Toolik Lake) indicate 302 that warmer air temperatures and extended ice-free periods will cause thermal stratification and 303 in some years oxygen-depleted bottom waters (56). Studies of Meretta Lake, located near Char 304 Lake on Cornwallis Island, but which has experienced eutrophication due to sewage inputs, 305 indicate that High Arctic lakes are indeed prone to oxygen depletion. In the early 1970s, 306 lakes, and we argue that the cause is a climate-induced biogeochemical cascade. It is unknown if 312 the cascade extends beyond sulfur, but sulfur does play an important role in the cycling of other 313 elements. For example, sulfate reduction mineralizes organic carbon (to CO 2 that then may be 314 lost to the atmosphere) and thus works against the burial of carbon in sediments, which is an 315 important sink in the global carbon budget (58) . As a side, increased carbon flux may stimulate 316 other anaerobic metabolisms, such as methanogenesis, which produces CO 2 and methane, both 317 greenhouse gases, and thus would constitute a positive feedback to climate warming. Sulfate 318 reduction is also the process believed to be primarily responsible for the transformation of 319 of  34 S, materials from the two cores from each lake were pooled for analysis. 536
